Slaframine (SF), a parasympathomimetic salivary stimulant, was administered i.m. (10, 15 or 20 txg SF/kg BW) to ruminally and abomasally fistulated steers at 12-h intervals for 18-d periods in a latin square-designed experiment. Steers were fed semicontinuously (12 times daily) a 40:60 roughage:concentrate diet at twice their net energy requirement for maintenance. Ruminal digestion coefficients for DM, ADF and starch were 10 to 16% lower and linearly related in an inverse manner to the level of SF administered (P < .05). Postruminal digestion of DM, ADF and starch increased as much as 46.7, 9.5 and 44.0%, respectively, in a fashion linearly related (P < .05) to the level of SF administered. Total tract digestion of DM and ADF were not affected by SF; however, total tract starch digestion was increased as much as 5% and was related linearly (P < .05) to SF treatment. With SF administration, as much as 13% more bacterial protein exited the rumen, resulting in a 16.5% linear improvement (P < .1) in the efficiency of ruminal bacterial protein production per 100 g of OM fermented. Ruminal concentrations of VFA, ammonia and pH were not affected by SF. These results demonstrate a positive relationship between salivation and ruminal bacterial protein synthesis and suggest that feed utilization by ruminants may be improved by pharmacological stimulation of salivary secretions.
Introduction
The positive relationship between ruminal fluid dilution rate and bacterial protein synthesis was derived from in vitro systems (Owens Received March 11, 1988 . Accepted August 31, 1988 . and Goetsch, 1986 . It is difficult to assess in vivo because ruminal liquid dilution rate is dependent on salivation and its interactions with chemical and physical characteristics of the feed consumed (Poutianen, 1968; Bartley, 1976; Froetschel et al., 1987a) . The relationship has been demonstrated in vivo in a few studies by increasing the level and physical form of roughage in a diet (Cole et al., 1976; Rode et al., 1985) or by intraruminal infusion of salivary salts (Harrison et al., 1975) . It is possible to stimulate salivation and increase ruminal liquid dilution by administering salivary secretagogues. Slaframine (SF) increased resting salivation rate by 30 to 70% and ruminal liquid dilution rate by 22 to 28% in sheep and steers (Froetschel et al., 1986b (Froetschel et al., , 1987a Jacques et al., 1989) . Weidmeier et al. (1987a,b) both pilocarpine and carbachol. Pharmacological stimulation of salivation should prove useful as a model to study the relationship between ruminal liquid dilution rate and microbial growth and has potential to promote feed efficiency of ruminants (Chalupa, 1977; Croom and Hagler, 1987) . The objective of this study was to evaluate the effects of SF on ruminal liquid dilution rate, nutrient digestion and efficiency of microbial protein synthesis.
Materials and Methods
Four ruminally and abomasally fistulated Jersey steers (avg wt 420 kg) were administered i.m. either 0, 10, 15 or 20 txg SF/kg BW twice daily at 12-h intervals during four 18-h periods in a balanced latin square-designed experiment. Slaframine was prepared from cultures of Rhizoctonia leguminicola (Froetschel et al., 1986b; Bartlett et al., 1987) and administered with saline (5 ml) at alternating injection sites in the areas of the infra spinatus, gluteus medius and biceps femoris muscles on both sides of the animal.
Steers were adjusted to the experimental diet (Table 1) fed at twice their daily maintenance net energy requirement in equal portions at 2-h intervals. The diet consisted of 37.5% wheat silage and 62.5% concentrate on a DM basis. The concentrate and silage were weighed, mixed and fed daily as a total mixed ration; steers had free access to water.
The schedule of fecal, ruminal and abomasal sampling and digesta marker administration is presented in Figure 1 . The first 10 d of each experimental period allowed the animals to adjust to the level of SF administration. On d 5 and throughout the rest of each experimental period, 20 g of chromic oxide (Cr203) was mixed with the concentrate portion of the feed as a digestibility marker and 1,800 ml/d of a 5 g/liter solution of Co-EDTA was infused continuously intraruminally as a water-soluble digesta marker into each animal. Feed and infusate were sampled daily and stored frozen for subsequent analyses of Cr203 (Hill and Anderson, 1958) and Co-EDTA (Uden et al., 1980) . Approximately 250 ml of ruminal and abomasal digesta and 200 g of feces were sampled on d 10 at 0700 and 1900, d 11 at 0900 and 2100, d 12 at 1100 and 2300, d 13 at 0100 and 1300, d 14 at 0300 and 1500 and d 15 at 0500 and 1700. Ruminal fluid samples taken at these times were strained through two layers of cheesecloth and analyzed immediately for pH and then stored frozen prior to analyses of Co-EDTA (Uden et al., 1980) , VFA (Anonymous, 1975) , ammonia (specific electrode) and buffering capacity (Counette et al., 1979) . In addition, ruminal samples were composited according to animal and treatment and stored frozen prior to isolation of ruminal fluid-associated bacteria using the procedure of Amos et al. (1984) . The ratio of diaminopimelic acid to nitrogen concentration of isolated, ruminal fluid-associated bacteria was used as a reference to estimate bacterial protein content of abomasal samples. Preparation of abomasal samples to separate fluid and particulateassociated bacteria and subsequent analysis of diaminopimelic acid were conducted using the procedures of Amos et ai. (1984) . Feed, feces and abomasal digesta samples were composited by animal and treatment and stored frozen prior to analyses for DM, CP (Kjeldahl N x 6. 25; AOAC, 1984, sequential detergent fiber fractions (Goering and Van Soest, 1970) and chromic oxide (Hill and Anderson, 1958) . Starch concentrations of feed, digesta and feces were determined as units of glucose liberated following enzymatic hydrolysis with amyloglucosidase of rhizopus mold origin 6. A 200-rag sample was initially boiled in 15 ml of distilled water for 10 rain to gelatinize starch and then incubated (39~ with 50 mg of enzyme in 10 ml of distilled water and 10 ml of a .2 N sodium acetate, acetic acid buffer (pH 4.45) for 44 h. The difference in glucose concentration with and without enzyme hydrolysis, corrected for the incorporation of water into glucose during hydrolysis, was used to determine starch concentration. Glucose concentration was determined with a membrane immobilized enzyme system involving glucose oxidase 7 .
On d 17 Of each experimental period, steers were given a single dose of 20 g of Co-EDTA in 100 ml of water. Ruminai fluid was sampled every 2 h for a 24-h period, stored frozen and analyzed for Co-EDTA. Ruminal volume was estimated using the y-intercept of the best fit line generated with a non-linear iterative procedure (SAS, 1982) regressing the exponential decay of Co-EDTA concentration against time after dosing. Predose concentrations of Co-EDTA were subtracted from the extrapolated time zero value to adjust for background.
Differences among least squares treatment means were determined by ANOVA using the GLM procedure of SAS (1982) . Differences between each treatment and the control least squares mean were assessed using nonorthogonal single degree of freedom contrasts when significant F-values (P < .1) due to 6EC,3.2.1.3, Sigma Chemical Co., St. Louis, MO. 7Model 27 Industrial Analyzer, Yellow Springs Instrument Co., Yellow Springs, OH. treatment were observed. Because of replicated measurements, VFA, pH, ammonia and buffering capacity data were analyzed as a latin square split plot in time (Snedecor and Cochran, 1980) . Animal, period and treatment were independent variables, and the animal x period x treatment nested interaction was used as the error term to test these main effects. In addition, the linearity of response to SF treatment was tested for all parameters using SAS (1982) regression procedures.
Results and Discussion
The levels of SF used in this study were based on previous dose-response research that found SF potently stimulated salivation rate and inhibited ruminal motility (Froetschel et al., 1986a,b) . The range of SF levels administered in this study were found to stimulate salivation rate as much as 30 to 40% without influencing frequency and amplitude of ruminal contractions. Even though salivation rate was not measured directly in this experiment, visual appraisal of the salivation response as outward drooling appeared to be less than the response observed in previous experiments at similar levels of SF administration. More frequent drooling was observed with the 15 and 20 }.tg SF/kg BW treatments; however, intense continuous drooling was not apparent, as was previously observed with levels of SF administered at 24 l.tg/kg BW (Froetschel et al., 1986a,b; . Steers maintained their intake at twice net energy required for maintenance regardless of SF treatment; side effects of SF were not apparent throughout the course of the experiment.
The effects of SF on ruminai and abomasai liquid outflow, as estimated from a continuous infusion of a Co-EDTA solution, are reported in Table 2 . Consistent trends were observed that indicated that SF had a positive influence on liquid passage through the rumen and abomasum. Least squares means for ruminal liquid outflow were 4.3 to 9.9% greater in SFtreated steers, and a linear trend (P < .1) of SF on abomasal liquid outflow was observed; SFtreated animals; had 5.2 to 11.8% greater abomasal flow rates than controls. Because of the continuous infusion technique, ruminai fluid outflow could be estimated for each sample taken, and the time-dependent response to SF was evaluated (data not shown). These calculations assume that ruminal volume was cLinear effect due to treatment (P < .1).
constant throughout the day. The effects of SF were found to be greatest (P < .10) on abomasal liquid outflow 6 h after SF injection. During this time, abomasal liquid flow was 14.1 to 35.0% greater for SF-treated steers. Ruminal volume and dilution rate, as estimated from the dilution of a pulse dose of Co-EDTA on the last day of each experimental period, were not affected by SF treatment (P > .1; Table 2 ).
Slaframine treatment did not affect concentrations of major ruminal fermentation end products or buffering capacity (data not shown). The average concentrations of VFA and SE across the four treatments and the twelve sampling times were 69.1 + 1.2 mM for acetate, 18.7 + .4 mM for propionate, 1.6 + .1 mM for isobutyrate, 12.9 • .3 mM for butyrate, 2.2 • .1 mM for isovalerate and 1.7 + .1 mM for valerate. The average total concentration and SE of ruminal fluid VFA was 106.2 • 1.8 mM, and buffering capacity was .042 + .001 milliequivalents of HCI per unit pH change from 8 to 6. Ruminal ammonia concentration averaged 24.1 • 1.0 mg/dl. Neither ruminal nor abomasal pH was affected by treatment; they averaged 6.55 • .05 and 2.45 + .09, respectively.
The manner in which steers were fed in this investigation may have minimized treatment differences in ruminal digesta flow and metabolite concentrations. The semi-continuous feeding regimen was used to reduce animal variation associated with intake and digestive criteria. However, frequent feeding is known to increase ruminal pH, the acetate/propionate ratio and ammonia concentration in the rumen. Frequent feeding generally influences ruminal end product concentrations in the same manner as diets or treatments known to enhance salivation (Church, 1976; Froetschel et al., 1983 ). An acetate to propionate ratio of 4 is not typical of animals fed a 60% concentrate diet but has been observed in studies in which concentrate diets have been fed semicontinuously (Herbein et al., 1978; Froetschel et al., 1983) . It is possible that these criteria were not affected by SF administration because frequent feeding had already shifted ruminal pH, VFA and ammonia concentrations, so that enhanced salivation would not further influence ruminal concentrations of these end products. In addition, the use of soybean hulls in the concentrate may have masked potential effects of SF on fermentation end products. The use of soybean hulls in ruminant diets is becoming more prevalent as a means to reduce the starch level of the concentrate portion of the diet and associated ruminal acidity, thereby alleviating negative associative feed effects on ruminal fiber digestion (Highflll et al., 1987) .
The effects of SF on nutrient digestion in various sections of the gastrointestinal tract were the most definitive effects observed in this study. Ruminal digestion coefficients for DM, OM and ADF were negatively related in a linear fashion (P < .05) to the level of SF treatment (Table 3) . Ruminal digestion was inhibited as much as 12 to 16% for DM, OM and ADF. The negative effect of SF on ruminal fiber digestion may have resulted from the physical form of the dietary fiber sources, wheat silage and soybean hulls (Table 1) . Much of this fiber was of a relatively small particle size (5 to 10 mm), which may have facilitated its movement with the liquid phase through the digestive tract. These data imply bLilaear effect due to treatment (P < .05).
cLinear effect due to treatment (P < .1).
observations. that the salivary stimulant, SF, increased the passage of feed nutrients from the rumen and thereby decreased the extent of ruminal digestion. Postruminal digestion was positively related in a linear fashion (P < .1) to the level of SF administered; partial digestion coefficients were increased as much as 46.7, 33.7, 9.5 and 44.0% for DM, OM, ADF and starch, respectively (Table 3 ). In general, decreased ruminal digestion of DM, OM and ADF was compensated for by increased postruminal digestion such that differences in total gastrointestinal tract digestibility were not observed in SF-treated animals. Starch digestion was an exception, because a positive linear relationship (P < .05) between total tract starch digestibility and level of SF administration was observed (Table 3) . Starch digestion was increased 4.1 to 5.2% in SF-treated steers. Slaframine has been reported to stimulate the secretion of pancreatic enzymes and buffers and may alter lower tract digestion by this mechanism (Aust, 1970; Froetschel et al., 1987b) . However, postruminal starch digestion, as reviewed by , does not appear to be limited by enzyme activity, as reported previously in the literature (Karr et al., 1966; Mayes and Orskov, 1974) . Increased postruminal starch digestion as reported in this study may be dependent on the type of starch entering the small intestine. suggested that intestinal starch digestion may be enhanced by increasing the ruminal escape of more readily digestible starch. Possibly, salivary stimulation increased ruminal outflow of smaller starch particles and microbial polysaccharide to the small intestine, resulting in more efficient digestion. The effects of SF on the rate and composition of both OM and CP exiting the rumen was a focal point of this investigation and is reported in Table 4 . Microbial CP efficiency, expressed as grams of ruminal microbial protein produced per 100 g of true OM fermented, was 6.0 to 16.5% greater in SFtreated steers and linearly related (P < .10) to the level of SF administered. Research supporting a positive relationship between ruminal liquid dilution rate and microbial CP efficiency has been largely derived from continuousculture systems (Owens and Goetsch, 1986) . The proportion of available energy used for maintenance of ruminal bacteria was estimated from these continuous-culture systems to vary from 15 to 55% and was most dependent, in a positive fashion, on bacterial residence time. cLinear effect due to treatment (P < .05).
dLinear effect due to treatment (P < .1).
'(3rams of total microbial CP per 100 g of OM truly fermented (TOMF).
This variability associated with the maintenance requirement of ruminal bacteria suggests that this criterion may be subject to manipulation and subsequently could lead to improved feed utilization in ruminants. In theory, as ruminal dilution rate is increased, bacterial residence time decreases and more energy becomes available for bacterial growth. Although postruminal microbial CP recovery was not different (P > .10) across treatments, microbial protein outflow tended to be greater in SF-treated steers (3.2 to 13.1%) and may be responsible for the increase in microbial efficiency; the amount of true OM fermented intraruminally was consistent across treatments. The outflow of OM of dietary origin was increased 14 to 27% and related linearly (P < .05) to the level of SF administered. The trend for greater microbial protein recovery was associated more with bacteria recovered from the particulate phase (Table 4 ). It appears that increased ruminal outflow of small digesta particles as a result of salivary stimulation had a greater influence on wash-out of bacteria associated with the particulate phase of digesta. In addition, the recovery of dietary CP postruminally was not influenced by SF treatment, even though dietary OM recovered postruminally was increased as much as 21% and related linearly to SF level. Perhaps dietary CP was incorporated into ruminal bacterial protein to a greater extent in steers treated with SF; this could be responsible for the unparalleled responses in recoveries of dietary OM and CP.
This research used a pharmacological approach to demonstrate the positive relationship between salivary stimulation and bacterial protein synthesis. This approach allowed for this relationship to be studied more directly because it was not confounded by diet composition and allowed for physiological changes in salivary composition that occur with varying flow rates (Froetschel et al., 1986b) . This study suggests that it may be possible to alter beneficially the efficiency of ruminal microbial protein synthesis and postruminal nutrient flow via saliva-induced changes in ruminal liquid flow. The data indicated that administration of SF resulted in a consistent shift in the site of digestion of nutrients from the rumen to the lower digestive tract. This shift seems to be related to increases in liquid digesta flow from the rumen and was accompanied by an improved efficiency of microbial protein synthesis. Higher levels of SF administration should be used for future experiments, because previous research demonstrated that greater levels of SF than those used in this experiment substantially increased salivation and ruminal liquid dilution rates (Frcetscbel et al., 1986b (Frcetscbel et al., , 1987a . However, SF administered at 24 ~tg/kg BW was found to inhibit the frequency and amplitude of primary and secondary ruminal contractions (Froetschel et al., 1986a) . In addition, the frequency of feeding and the use of soybean hulls in the concentrate portion of the diet may have attenuated definitive changes in the ruminal liquid environment. The levels of SF and the feeding regimen used in this study were chosen and resulted in a maximal and controlled rate of feed intake throughout the course of this experiment. Future research is being conducted with a once-dally feeding regimen and a standard corn-soybean meal concentrate in addition to higher levels of SF administration.
